Abstract To improve the oxidation resistance of near atitanium alloy IMI834, TiAl-(Cr, Nb, Ta) coatings were deposited by applying high-velocity oxy-fuel (HVOF) and warm spray (WS). Comparison was made in terms of microstructure, surface morphology as well as isothermal and cyclic oxidation behaviors in the air at 750°C up to 100 h and 100 cycles, respectively. The results show that smoother and less oxidized coatings were deposited by warm spraying. The microstructure of all coatings underwent an appreciable change during the oxidation tests, as in as-sprayed state it occurred in the nonequilibrium state. It was revealed that a small difference in the initial oxidation between the two spraying processes as well as microstructure, the level of porosity and surface roughness significantly influences the oxidation kinetics of the sprayed coatings at high temperature, which should affect the service lifetime as an oxidation-resistant layer for potential applications. After exposure at 750°C in air, rutile TiO 2 was found in addition to a-Al 2 O 3 in the oxide scale formed on the HVOF and warm sprayed coatings. However, isothermal and cyclic oxidation tests of all WS TiAl-(Cr, Nb, Ta) coatings showed improved oxidation resistance of IMI 834 as well as good adherence to the substrate alloy.
Introduction
Needs for enhancements of turbine engines power, efficiency and weight reduction have stimulated the development of temperature-and creep-resistant materials with reduced density (Ref [1] [2] [3] [4] . Such requirements have driven the development of a wide range of titanium alloys culminating more recently IMI 834 alloy (Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si), which is one of the most developed titanium alloys, operating industrially today as compressor disks and blades of advanced gas turbine engines for lightweight aircrafts (Ref 5, 6) .
The main constraint of using titanium at high temperature, however, is its ease of oxygen absorption leading to oxidation and alpha-case formation in the air (Ref 7, 8) . To be utilized more effectively at higher temperatures and replace heavy nickel in the compressor or even turbine section of an aircraft engine, the ingress of oxygen must be prevented by applying some protective coating systems ( Ref 7, [9] [10] [11] .
Titanium aluminides based on c-TiAl phase are considered for high-temperature applications especially as thermal barrier protections for titanium alloys (Ref 12, 13) . The properties of the titanium aluminides that make them attractive as a coating include outstanding oxidation resistance, low density and microstructural stability at elevated temperatures derived from their intermetallic nature (Ref [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Also, the coefficient of expansion provides a good match with most titanium alloys. Moreover, it should be emphasized that the low density of such coating alloys provides coverage per unit mass twice as large as most other competing coating alloys such as MCrAlY (M refers to one or more of the elements Co, Ni, and Fe). Besides, additional elements can further improve high-temperature oxidation resistance and modify the mechanical properties of a binary c-TiAl compound. One of the most important of such elements is chromium that causes the development of the Laves phase that is capable of continuous Al 2 O 3 scale formation (Ref 25) . Niobium is another element that promotes alumina formation, mainly by changing the structure of oxides (Ref 26) or by decreasing the solubility of oxygen in the alloy (Ref 27) , and hence increases oxidation resistance. It is worth to note that the addition of refractory metals as tantalum to niobium-containing compounds reduces the oxidation rate even more.
Among many coating processes, thermal spraying is attractive because of high deposition rates and ease to apply on large components and therefore is widely used for coating parts in aircraft engines. Nowadays, atmospheric plasma spraying (APS), low-pressure plasma spraying (LPPS), high-velocity oxy-fuel spraying (HVOF) and cold gas dynamic spraying (CGDS) are available for deposition of metallic and nonmetallic coatings (Ref 28) . Coatings obtained by APS process usually suffer from excessive oxidation and loss of volatile elements since it is conducted under an air atmosphere, and its heat source is a plasma jet with temperature over 10,000°C. By using controlled vacuum for LPPS process, oxidation is effectively suppressed, and highly dense coatings can be obtained. However, elements with high vapor pressure tend to be lost and often coatings exhibit nonequilibrium microstructure due to rapid quenching. Recently, as an alternative to LPPS, HVOF is getting much attention where sprayed particles are usually impacted to a substrate under a semimolten condition under air atmosphere using a combustion flame jet as its heat source with a temperature below 3000°C. CGDS process deposits materials in the solid state by the use of a supersonic jet generated by expansion of highly pressured and slightly heated inert gas like nitrogen or helium through a de Laval nozzle. In CGDS, oxidation is essentially eliminated; however, it is not always possible to produce fully dense coatings since sprayed particles do not always possess sufficient deformability.
One of the newest techniques is warm spray (WS), a modification of HVOF, in which the temperature of particles can be effectively controlled to assure sufficient deformability so that they can be deposited in both the solid or semi-melting state. In WS, nitrogen gas is mixed with a supersonic combustion gas jet and hence the temperature of the propellant gas can be decreased so that the temperature of the sprayed particle can be kept under its melting point.
As mentioned before, coatings prepared by each thermal spraying technology have different characteristics including oxygen content, surface roughness, porosity and even microstructure. Further, the oxidation resistance of coatings is dominated by the nature of a thermally grown oxide (TGO), which is heavily dependent on the microstructure of the coatings.
In the past, research efforts have been focused on the deposition of TiAl coatings by using PS and HVOF (Ref [29] [30] [31] [32] [33] [34] . Khor et al. revealed that coatings produced by APS from TiAl intermetallic powder with the particle size of * 250 lm followed by hot isostatic pressing contained unmelted or partially melted particles as well as high porosity and poor adhesion (Ref 32). Lee et al. also observed high porosity level, which might have arisen due to incomplete melting and low deformability of particles in coatings fabricated by PS using intermetallic powder with the composition of Al-21Ti-23Cr (at.%) (Ref 30) . In terms of oxidation resistance, not much attention has been paid to explore TiAl-based intermetallics as protective coatings for titanium alloys at high temperatures due to the problems in producing continuous coatings without defects such as porosity and cracks. Nevertheless, Dewald et al. made TiAl coatings by APS, VPS and HVOF in order to investigate the thermal cyclic life of these coating at 700 and 900°C, the behavior of TGO growth and crack propagation. Their results indicated good resistance for the cyclic oxidation of HVOF and APS (\ 1% oxide) deposits, whereas VPS coatings failed owing to thermal expansion differences, interface structure and residual stress state, which induced cracking in the coatings on Ti and TiAl substrates (Ref 31) .
In this study, WS was applied to deposit TiAl-(Cr, Nb, Ta) coatings to mitigate oxidation at high temperature. The reason for selecting WS was the observation that properties of TiAl intermetallic phases are expected to depend on the degree of oxidation and other microstructural and structural features as described (Ref 35, 36) . In this context, it should be noted that WS should be able to produce less oxidized coatings as compared to HVOF. WS is also economically advantageous as it is carried out in an open air (e.g., LPPS needs a large vacuum chamber, which inevitably makes the equipment cost high) and does not require expensive propellant gas such as He to produce dense coatings. In our previous study, pre-alloyed TiAl-based powders were tested as a feedstock material for thermal spraying of protective coatings for high-temperature titanium alloys (Ref 37) . A full production route of powders as well as coating's microstructure and mechanical properties have been investigated. One of the main findings was that the coating's initial microstructure evolves during annealing toward the equilibrium phase diagram as powder feedstock was in a nonequilibrium state. However, the transformation does not cause any undesirable effects, e.g., cracking or delamination (Ref 37) . Since materials in a jet engine are exposed to repetitive heating-cooling cycles, the key feature of such protective coatings is resistant to cyclic oxidation. The protection against oxidation during thermal cycles requires good oxidation resistance itself and ability to withstand cyclic thermo-mechanical loads what is coupled with certain plasticity and crack resistance. In connection with the above, the aim of the research efforts was to develop a high-performance oxidation-resistant coating for near-alpha titanium alloy, e.g., IMI 834, to increase its operating temperature. To this end, performance of titanium alloy samples with coatings of TiAl-(Cr, Nb, Ta) prepared by HVOF and WS were evaluated in isothermal and cyclic oxidation tests at 750°C in air. The relationship between the spray processes and coatings characteristics will be discussed in context to their surface roughness, oxygen concentration and microstructure.
Experimental Procedure Materials and Sample Preparation
Ingots of three TiAl-based alloys were produced in National Institute for Materials Science (NIMS) by melting elements in Y 2 O 3 crucibles in Ar atmosphere by using a high-frequency induction coil. The melted alloys were cast in a water-cooled mold. The chemical compositions of the ingots, obtained by the ICP method, are given in Table 1 . The oxygen concentration was 0.002 (wt.%) for TiAl and TiAl-Cr while for TiAl-Nb-Ta was 0.008 (wt.%) and is likely to come from the Y 2 O 3 crucibles. The ingots were powderized by gas atomization process performed by OSAKA Yakin Kogyo Co., Ltd. The obtained powders were characterized by scanning electron microscopy (SEM), as well as by x-ray diffraction techniques (XRD) and ICP analysis.
Disks of 25 mm diameter and 2 mm thickness of IMI 834 were used as substrate [Nominal composition of IMI 834 is Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si in wt.% (Ref 38) ]. Grit blasting and degreasing were conducted just before spray deposition. Alumina grit size was around 425-500 lm, blasting pressure was 0.5 MPa and the time of ultrasonic degreasing in acetone was 10 min.
Warm spray and high-velocity oxy-fuel were used for deposition of coatings under the conditions described in Table 2 . A commercially available HVOF apparatus (Praxair, JP5000) powered by combustion of kerosene/ oxygen mixture was employed with conditions selected based on our previous publications (Ref [39] [40] [41] [42] . WS conditions have been controlled by varying the nitrogen flow rate. The best deposition efficiency (D.E.) was achieved for a nitrogen flow rate of 300 L min -1 as the optimum for the powders. D.E. was calculated by the ratio of the measured weight of the coatings to the calculated weight of the sprayed powder on the substrate. Substrates were preheated to a temperature of 200°C before spray deposition, and they were coated on both sides.
Isothermal and Cyclic Oxidation Test
Isothermal for 100 h and cyclic oxidation up to 100 cycles were carried out at 750°C using an electric furnace. One thermal cycle consisted of heating for 1 h at 750°C and cooling to an ambient temperature for 40 min in an air atmosphere. Each specimen was placed in a crucible. All crucibles were placed on a platform, around which an electrical furnace repeated the horizontal motion, i.e., after 1 h heating in the furnace; it slides out on a rail to expose the samples to the ambient air. Before and after each test, the weights of the crucibles with specimens as well as bare samples and crucibles were measured to calculate the mass gain by the formation of oxides. The surface of oxidized samples was protected by Ni-plating to prevent damage on the formed oxide scale during sample's cutting and polishing.
Characterization of Powders and Coatings
The surface roughness R a of coatings was evaluated by a surface profilometer (Mitutoyo Corporation, Surftest SJ-201). The oxygen content of powders and as-deposited coatings was analyzed by the inert gas fusion method (HORIBA, EMGA-620 W). Samples were sectioned, mounted in epoxy resin and metallographically polished before the cross-sectional observation. SEM (JEOL, JSM-6010) observation with an acceleration voltage at 20 kV was conducted for microstructure analysis. Coatings thickness and porosity as well as the thickness of scales after oxidation tests were evaluated by image analysis (Image J, National Institutes of Health) using SEM crosssectional images. For the measurement of porosity and oxides, ten images were captured in the back-scattered electron mode from each sample at 1000 magnification and analyzed to calculate the average value. Crystal structures were analyzed by XRD (Rigaku, RINT2500) using the Cu Ka radiation for an angle range (2h) of 20°-80°with a step of 0.02 and scan speed of 2°per minute.
Results and Discussion
Characterization of Powders SEM images of the gas-atomized TiAl-(Cr, Nb, Ta) alloys with powder size below \ 45 lm are shown in Fig. 1 (a), (b) and (c). These images show that most of the particles, regardless of their size, are spherical in shape. The chemical composition of TiAl-(Cr, Nb, Ta) alloys after the gas atomization process is given in Table 3 . As can be seen, oxygen content increased after the gas atomization process but still is below 0.5 at.%. The content of other elements remained almost the same as compared to ingots given in Table 1 .
The cross-sectional microstructure of the powder particles and XRD patterns for powder particles are shown in Fig. 2 (a), (b) and (c) together with the XRD patterns for ingots. It can be clearly seen that the TiAl powder is composed of a 2 -Ti 3 Al phase and c-TiAl phase, while the ingot was composed mostly of c-TiAl phase (Fig. 2a) . For the rapidly solidified particles, the intensity of a 2 -phase peaks was much higher, which means that the volume fraction of the a 2 -Ti 3 Al phase increases also in comparison with the initial ingot. The peaks of the a 2 -phase contained in the powder shifted to higher angles as compared to the standard peaks for this phase, indicating that the lattice parameter decreased during rapid solidification. As a result of rapid quenching, gas-atomized powder consists of the disordered supersaturated in Al phases, which are expected to solidify from the liquid at first.
The dendritic microstructure of TiAl-Cr powder with brightly contrasted ribs inside the gray matrix is shown in Fig. 2 (b). The higher concentration of Cr and Ti in the dendrite cores (light network) and adjacent interdendritic Al-enriched regions (gray matrix) were observed. The clearly imaged ribs formed due to the segregation of Cr which can be attributed to the b-phase, whereas gray intercellular region corresponds to the a-phase, see Figure 2(c) shows a BSE micrograph of the microstructure of powder particles of TiAl-Nb-Ta alloy. One of the major features of the microstructure after gas atomization process is brightly contrasted network enriched in Nb and Ta (Fig. 2c) as it is well known that Nb is a b-phase stabilizer. Thus, the slightly light-colored network can be attributed to the b-phase. In contrast, there is a black region, in the BSE image of the gas-atomized alloy, rich in Al and poor in Nb and Ta. Furthermore, the x-ray phase analysis (Fig. 2c) confirms the presence of a-Ti(Nb, Ta) and b-Ti(Nb, Ta) phases.
TiAl-(Cr, Nb, Ta) Coatings Characterization
The cross sections of as-deposited coatings are shown in Fig. 3 , and their characteristics are summarized in Table 4 .
Microstructures consisting of stacked particles were formed as a result of particles hitting the substrate during spraying. All coatings have a relatively low porosity located between the particles. The higher temperature of the in-flight particles in the HVOF technique enhances their oxidation and hence could hinder deformation to form good bonding between particles (Ref 44) . Therefore, the porosity of WSed coatings was slightly lower. Deposition efficiency (DE) of all coatings prepared by HVOF was more than 50% higher than by WS process. This is because the temperature of powder particles during WS process is lower than that for HVOF and the number of powder particles in the solid state during spraying is higher (Ref  40) . Furthermore, the low DE of WS is most likely related to preferential deposition of the smaller particles of the powder-the larger particles in WS were not heated enough to deform and adhere to the coating. In the HVOF coating, large particles appeared to have been heated enough both to deform and adhere to the coating, but still not enough to undergo significant deformation upon impact causing occurrence of the large lumpy ''potato''-shaped splats in the coating. The poor deformation of these large particles could contribute to the higher porosity in the HVOF coatings. The results of microhardness test with 500-g loading showed no dependence on the spraying process. SEM observations revealed no indentation cracks. On the other hand, spraying process influenced the mean surface roughness (R a ) which is higher for HVOF-see Table 4 . Coatings prepared by HVOF have higher R a than coatings produced by WS since the flame temperature during WS is lower and rebounding of larger particles during the spraying process is more likely, thereby resulting in decreasing of R a .
The results show that oxygen content of WS coatings is about or less than a half of these by HVOF, indicating that powder oxidation was prevented by injection of cooling nitrogen gas in warm spraying. Moreover, the variation in nozzle length and spray distance also play a role in preventing oxidation. The WS nozzle was significantly longer than the HVOF one which protected the particles from air. Also, the spray distance in WS was dramatically shorter, limiting the exposure time in the air. Based on SEM pictures, it can be concluded that the increase in internal oxidation in HVOF coatings corresponds to the thicker dark area around each sprayed particle (dark gray layers surrounding particles).
XRD patterns taken from the surfaces of the coatings are shown in Fig. 4 . These patterns reveal that as-sprayed TiAl contains mostly c-TiAl and a 2 -Ti 3 Al phases (Fig. 4a) , while in TiAl-Cr and TiAl-Nb-Ta coatings, a-Ti and b-Ti phases are observed, see Fig. 4(b) and (c). XRD patterns of WS and HVOF coatings indicate slight differences in phase composition in relation to the powder. As the gas-atomized powders possessed metastable phase composition, some changes in phase content could have place due to exposure to high temperature during spraying. Moreover, for all the coatings, broadening of XRD peaks occurred in comparison with the powders, which can be attributed to both the lattice distortion induced by spraying and formation of nano-sized regions. It should be noted that for the coatings obtained by HVOF, additional peaks from TiO or TiO 2 were observed because of higher temperature during spraying. When particle temperature is high, particles are significantly oxidized and thick oxides formed around particles, see Fig. 3 . During the oxidation process, the high affinity of TiAl-(Cr, Nb, Ta) to oxygen and the high solid solubility of oxygen into titanium aluminides at elevated temperatures [about 13 and 3 at.% in Ti 3 Al and TiAl at 1100°C, respectively (Ref 45) ] resulted in the formation of the TiO and TiO 2 . Furthermore, the results indicate that oxygen content increased about 15 times for HVOF coatings in relation to the initial content in the appropriate powders, see Table 4 .
Phase Transformation Due to Oxidation Tests
Before discussing the result of oxidation, it is noteworthy that the microstructure of coatings underwent an appreciable change due to the high-temperature exposure at 750°C as evident from the XRD results summarized in Table 5 as well as the cross-sectional microstructures revealed in Fig. 5 . For the TiAl coatings, XRD peaks mostly from c-TiAl with a small amount of Ti 3 Al phase were detected indicating a phase transformation Ti 3-Al ? c-TiAl occurred. The retained a 2 (Ti 3 Al) phase was found to be segregated around particles boundaries (Fig. 5a ). This segregation occurred due to Al consumption during oxidation tests. The TiAl-Cr coatings consisting of a-Ti and b-Ti in the as-sprayed state transformed into a two-phase microstructure with a c-TiAl matrix with precipitates of Laves phase Ti(Al, Cr) 2 during the oxidation test as shown in Fig. 5(b) . The metastable as-sprayed microstructure of the TiAl-Nb-Ta coating also transformed to a microstructure mostly consisting of c-TiAl as shown in Fig. 5(c) . Figure 6 shows the weight gained per unit surface area of the coated IMI 834 alloy after the isothermal oxidation test at 750°C for 100 h. The TiAl and TiAl-Nb-Ta coatings obtained by HVOF showed higher weight gain than the base IMI 834 substrate, whereas the same coatings by WS showed improved weight gain as compared to the substrate. The TiAl-Cr coatings showed the smallest weight gain. The coatings produced by WS generally exhibited significantly lower weight gain than HVOF, which exemplifies that spraying technique can influence the oxidation resistance of the sprayed coatings.
Results of Oxidation Tests
A comparison of specific mass gain curves of the same set of specimens during the cyclic oxidation at 750°C for 100 h is shown in Fig. 7 . While IMI 834 substrate showed a standard parabolic weight gain curve, rapid initial oxidation is clearly seen for the first cycle of all the coated specimens. A stable oxide scale that covers the entire surface seems to have formed at this temperature in the very first cycles. Once a stable oxide scale is formed, the subsequent oxidation is controlled by the rate of diffusion of oxygen ions through the oxide scale to the oxide-metal interface (Ref 46) . At this point, a true parabolic oxidation behavior is observed with a nearly constant rate which confirms to the parabolic growth. The occurrence of the initial transient state which exhibits a fairly large oxidation rate followed by parabolic growth was confirmed by previous studies (Ref 45, 46) .
The results also indicate that there were significant differences in the oxidation rate of the coatings. The TiAl and TiAl-Nb-Ta coatings produced by HVOF process showed the poorest oxidation resistance with the total mass gain of 2.8 and 1.5 mg cm -2 , respectively. Moreover, there was a clear sign of scale delamination for the TiAl-Nb-Ta coating after 40 cycles. These values are higher than the mass gain for uncoated IMI 834, which was 1.3 mg cm -2 . Similar to the isothermal oxidation test, the coatings produced by WS generally exhibited significantly better oxidation resistance than the coatings prepared by HVOF and the lowest oxidation weight gain was measured for the TiAl-Cr coating by WS with the total mass gain of 0.5 mg cm -2 .
It should be noted that the coated samples were tested in the as-sprayed condition so that, due to surface roughness effects, the actual exposed surface area of the coatings is significantly higher than that of the bare sample and also varies between the coatings as a function of their roughness. As such, the data plot the mass gain per nominal surface area of the coating based on the sample dimensions, not the true exposed surface area. Nevertheless, taking into account the thickness of the oxide layer (that will be discussed in the next part of this article), the greater weight gain of the HVOF coatings is clearly seen. The XRD results confirm that the oxide scales contain TiO 2 and Al 2 O 3 , in agreement with the observation made in previous studies (Ref [46] [47] [48] . It is worth to add that higher concentration of titania was formed on coatings prepared by HVOF process after both isothermal and cyclic oxidation-see Table 5 . Such phases, as well as TiN and Ti 2-AlN, were also identified [which is in agreement with (Ref 48, 49) ] with some peaks from the underlying intermetallic coating, e.g., c-TiAl and a 2 -Ti 3 Al. It is also important to note that the oxidation rates of the studied coatings were higher in comparison with the bulk specimen with the same composition (Ref 30, 50) . Therefore, there are at least two or three points that need to be discussed for the results of the oxidation tests. The first is why the WS coatings performed better than the HVOF coatings, and the second is the reason behind the relatively large initial oxidation. Another point is that oxidation of our sprayed coatings was generally larger than the reported bulk materials in the literature, which can be connected to the first two points. Samples after testing were observed and analyzed to elucidate the oxidation behavior of these coatings and possibly understand these points. Figure 8 shows the surface morphology and cross sections of the TiAl coatings obtained by WS\HVOF after isothermal\cyclic oxidation tests, whereas the results of XRD measurements are summarized in Table 5 . On the coatings surfaces were observed TiO 2 crystals as numerous short columns ( Fig. 8a and b) , which were larger for the HVOF ones. Moreover, as it was confirmed by Becker et al. (Ref 51) , the size of TiO 2 crystals increases with increasing oxidation time and scale thickness, indicating that these crystals grew by outward cation diffusion. Cross-sectional images of the scales show that the scale thickness of the HVOF coatings was much larger than those of the WS coatings by a factor of about four. Cracks were also found TiO 2 ) and the dark band in the Ti and N maps. Below the Al-rich layer are mixed oxides, but these appear to be dominated by Ti phases as the Al image implies low Al content through this region. The N-rich phases appear to be distributed in this mixed zone with some of the brightest patches of N-rich material within the surface of the coating, beneath the oxide scale.
Observation and Analysis of Oxide Scales
At the oxide-metal interface, aluminum-depleted zone (titanium-enriched) with a composition close to Ti 3 Al is observed. The existence of the nitride layer as well as Aldepleted zone was confirmed by a number of authors who have studied oxidation behavior of TiAl intermetallics (Ref 48, 49) . It has also been assumed that the transient formation of titanium nitrides at the beginning of oxidation prevents the development of a continuous protective Al 2 O 3 layer and therefore leads to the detrimental effect of nitrogen-containing atmospheres. The destruction of the initial protective Al 2 O 3 layer is associated with oxidation of the initially formed Ti-rich nitride into Ti oxide. The destruction of the protective Al-rich scale causes for a given oxidation time the oxidation rates to be larger resulting in a strong increase in weight in this initial state. The oxidation rate decreases during the next stage when a scale structure is formed which consists of an outer TiO 2 scale followed by a mixture of TiO 2 and Al 2 O 3 . Furthermore, by Al 2 O 3 enrichment in the outer part of the mixed oxide layer, the effective diffusion rate becomes more and more reduced, ending up with the formation of protective oxide scale by closing up of the Al 2 O 3 particles. While long-term oxidation testing (reaching several hundred hours), the Al 2 O 3 barrier dissolves and reprecipitates in the outer oxide scale as discontinuous blocky particles, which might lead to breakaway oxidation with enhanced weightgain rates (Ref 51, 52) .
As compared to the TiAl coatings, the oxide scales formed on the TiAl-Cr coatings were more compact and continuous as shown in Fig. 10 . Moreover, it is clearly seen that these oxides are dramatically thinner than ones formed on the TiAl coatings with the thickness of 0.5 lm versus 6 lm, e.g., for WSed coatings after isothermal oxidation. XRD patterns show that Al 2 O 3 is richer in these scales whereas TiO 2 appeared as whiskers, bigger for the HVOF coatings and after isothermal oxidation test. The TiO 2 oxide crystals are relatively insignificant in size for both the WS and HVOF coatings, in comparison with the crystals on the TiAl ones, which are a consequence of the thin oxide scales. The scales formed during isothermal and cyclic oxidation tests are very thin. No Kirkendall voids appeared at the coating/substrate interface. Good oxidation resistance of TiAl-Cr coatings is generally consistent with the findings by Brady et al, who concluded that Cr beneficially influences oxidation resistance by the formation of a Laves phase Ti(Cr, Al) 2 (Ref 25) . Excellent oxidation resistance of this coating is connected with the high stability of the Laves phase at the temperature of 750°C as well as its very low affinity for oxygen. Except that, the Laves phase possesses low oxygen permeability and is capable to form a protective alumina scale; there are also other factors that certainly play a role in the Cr effect. Particularly, it has been assumed that Cr addition to TiAl may affect the formation of nitrides during oxidation in the air (Ref 53) . It should be pointed out that fine cracks were found through thickness of these coatings, however, after the tests (not shown in Fig. 10) .
The morphology of oxides on the TiAl-Nb-Ta coatings was very different from those of TiAl and TiAl-Cr as shown in Fig. 11 . No TiO 2 whiskers or columns were observed. The EDS analysis not shown here revealed that the scale consisted of an outer layer of Al 2 O 3 , an intermediate layer consisting of TiO 2 and an inner layer of nitrides together with niobium and tantalum particles at the scale/coating interface. The oxide scale appeared adherent to the coatings. The oxide scales after the cyclic oxidation test were thinner for both WS and HVOF coatings than after isothermal oxidation.
The oxide scales of oxidized TiAl-Nb-Ta coatings contain mainly a-Al 2 O 3 as well as TiO 2 . The EDS analysis shows that the Ti concentration decreases gradually toward the coating, while the Al concentration decreases from the coating to the top of scale, see Fig. 12 
Discussion
As it was aforementioned, all WS coatings tested in our research performed better than the HVOF ones. Furthermore, it is commonly observed that there is a performance gap between the oxidation resistance of thermally sprayed coatings and the equivalent bulk material (e.g., mass gain for bulk Ti-48Al-8Nb is about 0.1 and 0.15 mg cm -2 during isothermal and cyclic oxidation at 750°C for 100 h, respectively (Ref 55) , that is, about one order of magnitude lower than that for coatings produced by thermal spraying from powders with similar composition, see Table 5 ). The lower oxide growth rate for WS coatings and bulk materials can be explained by the several aspects as follows.
1. The first point may be due to the significantly modified microstructure of the sprayed coatings. However, currently, there is no detailed understanding of which aspects of microstructural modification are primarily responsible for this performance gap. This difference in oxidation performance is generally attributed to the inhomogeneous coating structure primarily caused by pores and oxides formed during coating deposition, as well as the elemental segregation arising from the rapidly solidified structure. The increase in the oxidation rate in thermally sprayed coatings compared to bulk materials with the same composition may be caused by the existence of TiO 2 formed by Ti oxidation during thermal spraying. In particular, the high reactivity of Ti with oxygen makes the formation of TiO 2 easier. Ti oxide was also observed by XRD in the study on titanium carbide-and boride-based coatings after the spraying (Ref 56 3 Ti coating produced by thermal spraying exhibits high oxidation rate as compared to the alloys with the same composition. Therefore, it is elucidated that the increase in the oxidation rate of TiAl-based coatings results from the formation of TiO 2 in the coating layer, thus facilitating oxygen diffusion at the interface of the as-sprayed coatings as the splat-splat bonding is prevented by these oxides. While the coatings are dense at ambient temperature, thermal expansion may lead to a slight opening up of the splat boundaries sufficient for oxygen diffusion at high temperature. It would only require a small extent of this effect to massively increase the exposed surface area and account for the rapid initial rate of mass gain prior to the splat boundaries being sealed up by internal oxidation. To reduce the oxidation rate of such coatings, the suppression of Ti-oxide formation during deposition is desired (Ref 31 produced by HVOF could be explained also by higher porosity of the latter as it was confirmed that many pores exist in thermally sprayed TiAl-based coatings, especially by using HVOF, see Fig. 3 . Pores in the coatings may play a role as diffusion paths for oxygen and induces partially internal oxidation; therefore, the increase in the oxidation rate in thermally sprayed TiAl coatings may result from not only Ti oxidation during spraying but also the existence of many pores in the coatings (Ref 30, 58) . Furthermore, pores inside the HVOF coatings are the main transport path of oxygen ion-diffusion of oxygen ion and other corrosive species is much faster in pores than in metal and oxide scale. The porosity of the coating allowed oxygen penetrates the coating, which oxidized the splat boundaries, indeed that was observed at the poor particle-particle interface after the long-term exposure as can be seen in Fig. 3, 8 , 10 and 11. 3. Furthermore, both WS and HVOF coatings were tested in the as-sprayed condition without any surface polishing. As it is provided in Table 4 , surface roughness of the coatings produced by HVOF was higher than the WS coatings. It is known that the surface roughness plays a role in the high-temperature resistance of various materials such as Ni, Fe-Cr-Al, Fe-Al (Ref [59] [60] [61] . The composition of the oxide scale and the scale thickness were reported to be different depending on the starting sample surface finish-a faster oxidation rate is seen for greater surface roughness. Also, larger oxide particles were observed for coatings with higher surface roughness. The lower oxide growth rate for WSed coatings can be explained by the two aspects as follows. Firstly, the HVOF coating has the higher roughness, so it has larger surface areas to expose to air. Hence, the larger surface areas result in the higher mass change. Secondly, the small particles with quite weak bonding on the surface of the HVOF coatings can be observed. It has been reported that the weak bonding between the small particles and the underlying splat in thermally sprayed coatings limit or delay the diffusion of Al to small particles surface after Al depletion occurred in the particles (Ref 62) . It is the same condition of HVOF TiAl-based coatings. Therefore, Ti oxides grow fast in the small particles.
Conclusion
In the present study, three TiAl-based alloys, i.e., Ti50%Al, Ti-51%Al-12%Cr, Ti-46%Al-8.5%Nb-1%Ta in at.%, were gas-atomized into spherical powders and thermally sprayed to form coatings by two atmospheric spray processes, i.e., commercial HVOF and a modified HVOF apparatus so-called warm spray (WS). Although the assprayed Ti-50%Al, Ti-51%Al-12%Cr, Ti-46%Al-8.5%Nb-1%Ta coatings all exhibited metastable crystal structures inherited from the feedstock powders, they readily transformed to the stable microstructure during oxidation exposure at 750°C. The temperature during spraying had a significant influence on the microstructure and in-flight oxidation of these coatings. Use of WS significantly prevented the in-flight oxidation of powder as compared to HVOF, i.e., the oxygen contents in the WS coatings were about 40 to 55% for all composition of the corresponding HVOF coatings. The deposition efficiency, however, had to be sacrificed for WS by about 50% as compared to HVOF. Due to this and possibly with the difference in surface roughness, the WS coatings of the three compositions gave better oxidation resistance as compared to the corresponding HVOF coatings in both isothermal and cyclic oxidation tests at 750°C. Among the three compositions tested, TiAl-Cr coatings exhibited the highest oxidation resistance with the mass gains at least ten times lower than that for the base titanium alloy IMI 834. The slow oxide growth rates observed for the TiAl-Cr intermetallic layers were associated with the formation of a thin scale established by the Laves phaseTi(Al, Cr) 2 . Addition of 12 at.% of chromium, however, induced cracking in the coatings under cyclic thermal loading due to their brittle nature. Cracks expose the Tialloy beneath coating for oxygen and may cause severe oxidation of the substrate in a long run. The coatings with niobium and tantalum showed no cracks in the coatings after the oxidation tests, indicating their better mechanical properties, and the oxidation rate of this alloy coating by WS was very low. The high initial oxidation, however, needs to be studied further. Scales were found adherent to the coatings too.
Modified HVOF method-warm spray-provided seemingly more protective coating characterized by both good oxidation resistance and compatibility between the substrate material-IMI 834. Addition of niobium and tantalum did not affect oxidation resistance of the intermetallic compound for an early stage of oxidation; nevertheless, Nb and Ta are believed to improve longlasting protection against oxidation, due to formation of dense scale and ''doping effect'', and can be expected to serve as an oxidation-resistant coating in the future thermal barrier coating system for titanium alloys.
